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Comparative Hydrodynamic Analysis of Narrow and Pilot-Scale Bubble
Columns with Internals

Felix Moller!”, Ragna Kipping?, Eckhard Schleicher?, Martin Léschau?, Uwe Hampel'2, Markus Schubert!

Abstract

For a stable operation of exothermic processes in bubble column reactors, an approptiate heat control is
required, e.g. through dense tube bundle heat exchangers installed in the column. However, their impact
on flow morphology, phase distribution, mixing and mass transfer is scarcely reported and the derivation
of reliable scaling approaches for bubble columns with internals is challenging. Thus, a narrow column
(DN100) and a pilot-scale column (DN400) were equipped with tubes in two common patterns with
triangular and square pitches to study local fluid dynamics. The results of both reactors are discussed with
regard to their hydrodynamic similarity.
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1 Introduction

Bubble columns are widely applied in the chemical process industry due to their excellent heat and mass
transfer performance at lower energy input compared to other multiphase contactors [1]. Furthermore,
they have a simple design without moving parts and require low maintenance. Bubble columns are often
used for hydrogenations, oxidations and bioprocesses as well as for waste-water treatment etc. Since most
of the reactions in bubble columns are of exothermic nature, an appropriate heat management is required
to ensure isothermal reaction conditions with high product selectivity and stable reactor operation [2,3].
Internals with tube bundles are mostly applied to efficiently remove the reaction heat. The Fischer-
Tropsch synthesis is a typical example, which requires a large specific heat exchanger area of up to
45 m?m? [4,5]. Accordingly, between 20 % and 60 % of the cross-sectional area is covered by the tubes
[2,6,7]. While a coverage of approx. 5 % and below has hardly any effect [7—15], values larger than 20 %
have a significant influence on the hydrodynamics. Compared to empty columns, the average gas holdup
in columns with internals is increasing due to smaller and slower rising bubbles as a result of the prevailing
breakup bubble formation mechanism [10,14,16—18]. Tracer experiments have shown that internals also
favor larger liquid circulation cells and suppress radial spreading and dispersion [18-20]. Recent studies in
a narrow column revealed that internals favor asymmetric flow patterns [16—18], while comparable

analyses at pilot-scale are not yet available.
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The hydrodynamics were intensively studied for different column dimensions and several scaling
approaches were derived for empty bubble columns. Gas holdup, &, and mass transfer, &g, are weak
functions of the column diameter, D, [21], while gas and liquid dispersion coefficients, D, and D,
interfacial area, @, Sauter mean diameter, ds, flow patterns, flow regime transition, liquid circulation
velocity, #e, and center line liquid velocity, #,, as well as the large bubble holdup depend strongly on the
reactor diameter [22—24]. The most relevant hydrodynamic parameters and their relation to the column
diameter are summarized in Tab. 1.

Table 1

Typically, the derived scale-up correlations consider average parameters accessible with conventional
measurement techniques. However, such average parameters do not capture possible variations in local
flow structures and evolving profiles, which are decisive for the column operation [25-27]. Ignoring those
local effects can lead to unexpected process behavior.

Safonuik et al. [28] and Macchi et al. [29] proposed a scaling approach based on Morton number, E6tvos
number, Reynolds number, density ratio and velocity ratio, albeit basically developed for fluidized-bed
reactors. However, despite identical dimensionless numbers in different reactor geometries they still
observed strongly diverging flow dynamics, e.g. pressure fluctuations, which are not properly considered
during scale-up. Accordingly, such different flow dynamics at different scales cause the formation of
switls, local eddies as well as asymmetries, which, for example, can lead to the formation of unexpected
hotspots [30].

Shaikh et al. [21,31] also revealed that columns with the same average parameters, e.g. average gas holdup,
average bubble rise velocity, etc., can vary locally. Therefore, they suggested a scale-up strategy based on
the similarity of radial gas holdup profile, liquid velocity profile, average gas holdup and centerline liquid
velocity regardless of the column dimensions. However, local bubble size distributions, which are also
decisive for pressure gradients, the formation of holdup profiles as well as velocity gradients, were not
considered [1]. Interestingly, they cross-checked the dimensionless groups approach of Safonuik et al. [28]
and Macchi et al. [29], which revealed different dimensionless numbers even though average as well as

local hydrodynamic properties were successfully matched.

The scale-up approaches discussed above refer to empty BCRs only. Hitherto, no reliable scaling method
for bubble columns with internals is available. Thus, a first attempt is made in this study to comparatively
investigate local hydrodynamic parameters of a narrow (DN100) and a pilot-scale column (IDN400)
equipped with two common tube patterns with triangular and square pitches using advanced imaging
techniques. The results are discussed with regard to hydrodynamic similarities of both reactors.

2 Experimental setup

2.1 Column and internals design

Columns of 0.10m are often applied for laboratory bubble column studies [22,32,33]. On the other hand,
it is commonly assumed that columns with diameters larger than 0.30m are required to obtain results

applicable for industrial scales [20,34,35]. Thus, experiments were carried out in a narrow column of

2



0.10m inner diameter (DN100) and a pilot-scale column of 0.39 m inner diameter (DN400) shown in
Fig. 1.

Figure 1

The clear liquid heights, H., were adjusted at 1.1m and 2.6m for narrow and pilot-scale column,
respectively, corresponding to He/D = 11 for the natrow and H./D = 7 for the pilot-scale column, which
are well above H./D = 5, where H. has no effect on the hydrodynamics [25]. Perforated plate spargers
with hole diameters of 0.5X10-*m arranged in a triangular pitch of 1X10-2m were used with a free area of
0.14 %, which equals 55 holes for the DN100 and 861 holes for the DN400 sparger to ensure the same
inlet bubble size spectra in both columns. The superficial gas velocity was adjusted with mass flow
controllers (FMA2011a and FMA2013a, Omega) between 0.01 and 0.20ms? (based on the free area).
Results for 0.12ms ! are shown and discussed here representing the churn-turbulent flow regime, which is
commonly present in industrial columns [34,36].

Internals patterns with triangular and square pitches were used with tube diameters of 8X103m and
32X103m for narrow and pilot-scale column, respectively. The wall area was kept free of internals to
promote the heat transfer and for easier maintenance [11,37]. As design parameters for the two scaled
columns, similar tube-to-pitch diameter ratio, free wall region and coverage as well as same number of
tubes were used. The coverage was fixed at ~25 % for all internals, which is a typical value for Fischer-
Tropsch reactors. The geometrical details of the internals are summarized in Tab. 1.

Table 2

The tubes were tightly fixed in the column via 3D-printed spacers for the narrow column and via lasered

stainless steel spacers for the pilot-scale column installed every 0.5m (see Fig. 1).

2.2 Measurement techniques

For the narrow column, ultrafast X-ray computed tomography was used to non-invasively measure local
gas holdup distribution and bubble size distribution. For the pilot-scale column, custom-made wire-mesh
sensors (WMS) were used.

Figure 2

Compared to medical and conventional process X-ray scanners, the ultrafast X-ray tomography (Fig. 2)
operates without moving parts. Instead, an electron beam is rapidly swept across a circular tungsten target
surrounding the column producing a moving X-ray spot. A detector ring with 432 detector elements is
mounted around the column to record the intensity of the X-rays passing the column. This enables
imaging frequencies of up to 8000 framess! (note that 1000 framess™ and a total scanning time of 10s
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were chosen in this work). Furthermore, simultaneous measurements at two planes with an axial distance
of about 11X103m were carried out. Reconstruction algorithms (e.g. filtered back projection) to obtain
images with a spatial resolution of roughly 0.5X103m and post-processing steps (e.g. normalizing,
referencing, thresholding) are required to extract hydrodynamic parameters. Details about the imaging
technique and the post-processing can be found elsewhere [16,18,38]. The measurement height was
adjusted at H./D = 5, which is located at well-developed flow conditions.

Figure 3

Contrary to tomography, the WMS technique is an invasive imaging method, which basically consists of
two orthogonally arranged wire planes acting as transmitter and receiver, respectively, to determine
conductance or permittivity of fluids or fluid mixtures in the virtual crossing points (Fig. 3). By sequential
excitation of the wires in the transmitter plane and measuring the resulting current flow at all receiver
electrodes in parallel, one is able to acquire the electrical conductance within each single crossing point of
the sensor with frame rates of up to 10,000 frames s-1. This way, gas can be distinguished from the liquid to
study the gas-liquid flow morphology. Moreover, conductivity tracers can be added to study liquid mixing
[18,39]. The spatial resolution of WMS depends on the application and is usually in the range of
3.5%X10°m for pipe flows and 5.10X103m for larger bubble columns. A three-layer WMS (one
transmitter layer and two receiver layers with a proper excitation scheme) was installed to optionally
obtain the gas phase velocity information (not shown in this study) cross-correlating the simultaneous
measured gas-liquid distributions of both planes. The WMSs consist of 64X64 wires with a lateral spacing
of 6.125X10-*m and a plane distance of 4X10-*m. The measurement frequency was set to 2500 framess-!
and the measurement durations was 24 s. The WMS measurement position was also at H./D = 5.

While WMS can be easily installed in the cross-section of pipes and empty columns, special inlays (with
same diameter as the tubes) were designed and manufactured to cope with the internals crossing the wire-
mesh (see Fig. 2). The middle parts of the segmented inlays contain notch patterns to embed the wires
from the adjacent layers. Eventually, the segments were connected with the internal tubes. The head parts
of the inlays were connected with the spacer, which takes up the weight of inlays and tubes. Similar studies
were carried out in a rod bundle mock up assessing a wire-mesh sensor within the tube bundle [40]. By
using the referencing method, e.g. measuring the dynamic liquid gas flow as well as a liquid reference
without gas, one can calculate the gas fraction within the cross-section. Having this information, bubble
detection algorithms are applied in order to extract single bubbles for the calculation of a bubble size
distribution. More details on WMS applications and data post-processing can be found elsewhere [18,41—
44].

3 Results and Discussion

The hydrodynamic parameters of narrow and pilot-scale bubble columns with internals were studied for a
wide range of operating conditions. In this work, cross-sectional gas holdup distributions, local bubble
size distributions and flow morphologies for a superficial gas velocity of 0.12ms ! are exemplarily shown
and discussed with regard to scalability between both columns in terms of hydrodynamic similarity. The
gas holdup distribution is decisive for the velocity profiles [45,46]. As the liquid motion is induced by
bubbles moving through the liquid, the bubble size distribution reveals insights regarding liquid circulation
and liquid centerline velocity.



3.1 Gas holdup distribution

In Fig. 3, radial gas holdup profiles (bottom) are shown, obtained for the time-averaged cross-sectional
holdup images (top). It should be noted that the respective parts covered by the inlays and internals,
respectively, were masked before calculating the profiles. The values of the average holdup are
incorporated within the radial profile plots.

Figure 4

Although the measurements were performed at column heights ensuring a fully developed flow, the cross-
sectional images confirm that internals induce moderate flow asymmetries regardless of the column
diameter (e.g. higher gas fraction at the left wall region for DN400/T32 and DN100/T8) [25]. These
asymmetric flow patterns were stable over the measurement time of 10 and 24 seconds, respectively. On a
longer time frame of several minutes, the cross-sectional patterns were slowly rotating, however,
maintaining the characteristic asymmetries. Thus, the holdup profiles obtained from the exemplary
distribution patterns are representative for the radial phase distribution.

Compared to the typical parabolic profile known from empty bubble columns [38], the internals
significantly alter the gas holdup distribution regardless of the column diameter. Polynomial fluctuations
evolve within the bundle, which are attributed to the parabolic holdup profile forming within every sub-
channel as a result of the no-slip flow condition at the tubes walls. Close to the column wall, where no
internals are placed, a parabolic distribution is encountered.

The gas preferably rises within the wall region (as shown by the higher gas fraction) resulting from the
internals acting as flow resistance for the gas phase. However, this is more pronounced for the narrow
column with lower hydraulic diameter of the sub-channels (factor 4), which scales with the internals
diameter.

In terms of scale-up, the radial holdup profile can be used as a scaling quantity between the two diameters
since both holdup curves feature a similar trend and shape as well as the average holdup values are in a
similar range. It can be concluded that geometrical scaling of the internals (tube-to-pitch diameter ratio,
number of tubes, coverage, free wall region) results in similar holdup characteristics and, hence,
hydrodynamic similarity of the local flow structures for both columns.

3.2 Bubble size distribution and gas phase morphology

The imaging techniques visualize the temporal evolution of the gas structures only. Thus, the time axis
requires a proper scaling applying the gas velocity data. The structures (bubbles) identified in subsequent
cross-sectional images are scaled based on the average gas velocity (not shown in this study) obtained via
cross-correlating both measurement planes. This way, shape and volume of individual gas bubbles can be
approximated. Figs. 5 and 6 show the bubble size distributions for both columns as well as the pseudo-3D

flow structures, i.e. the temporal evolution of the gas phase flow morphology.

Figure 5



A bimodal bubble size distribution is obtained for the narrow column (solid line) as known for empty
BCRs operated at churn-turbulent flow conditions [47]. Here, the column wall stabilizes larger bubbles in
the region without internals. At the same time, small bubbles are prevailing within the sub-channels as
breakup is the dominating bubble formation mechanism. For the pilot-scale column, however, the peak
for larger bubbles disappears due to the marginal column wall effect. It should be noted that the spatial
resolution of the WMS is 6.125X10-3m, which leads to a slight underestimation of bubbles smaller than
the wire spacing. However, a clearly wider distribution is obtained for the pilot-scale column with a peak
at approx. 1X102m, while the first peak (representing the small bubbles) for the narrow bubble column is
at 5%103m, which is due to the smaller sub-channel size. The larger bubbles, which are created for the
pilot-scale column, induce an increasing centerline as well as liquid circulation velocity, which is in line
with the literature (see Tab. 1), revealing a strong influence of the column diameter on the liquid motion.

The pseudo-3D plots compiled in Fig. 6 show larger bubbles in the wall region of the narrow column,
whereas the bubble distribution within the cross-section of the pilot-scale column is more uniform and
the wall effect is negligible.

Figure 6

Fig. 6 further highlights that both columns with internals feature helical flow structures, which is also
known from empty bubble columns [30]. However, the bubble size depends strongly on the wall effects as
well as on the sub-channel size. For empty bubble columns with an inner diameter of D > 0.15 m, wall
effects are negligible [25]. The validity of such thumb rule is not yet confirmed for bubble columns with
internals, where the sub-channel layout (square, triangular, circular, etc.), tube size as well as the free wall
region are important parameters for the stabilizing wall effect. According to the conclusion of Wilkinson
et al. [25], where the wall effect is negligible for columns larger than 0.15m, and accounting for 25 % tube
coverage, the wall effect in columns with diameters larger than 0.2m should be negligible. However, since
the sub-channels introduce additional wall area, such rule may not hold as the hydraulic sub-channel
diameters should be larger than 0.15m in order to suppress the stabilizing sub-channel wall effect.
Therefore, a column diameter where wall effects are negligible might be found for columns larger than

0.2m. However, the sub-channel wall effect will always be present.

Since the sub-channel diameter can be identified as the most crucial design parameter, similar sub-channel
sizes are required to achieve comparable bubble size distributions and flow structures in columns of
different scales. This, however, results in a larger occlusion area as well as higher flow friction. Hence,
smaller bubbles will be formed for larger columns, which, in turn, results in decreased liquid velocity and
centerline liquid velocity. Therefore, such strategy would ensure hydrodynamic similarity with regard to
the liquid velocity profile.

4 Conclusion

In this work, a hydrodynamic analysis of narrow and pilot-scale bubble columns with internals was carried
out at churn-turbulent flow conditions (0.12ms1). The results were discussed with regard to
hydrodynamic similarity based on local flow data, such as radial holdup distribution, bubble sizes
distribution and flow structures. Local flow structures and cross-sectional holdup distribution depend

strongly on the free area distribution, i.e. the area kept free of internals. The bubble size distribution in the
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pilot-scale column is rather broad, while it exhibits a two bubble-class distribution in the narrow column,
caused by the stabilizing wall effect and the smaller sub-channel diameter for the narrow bubble column
and vice versa.

As a first outcome, the geometrical scaling quantities for such heat exchanger internals, namely pitch-to-
tube diameter ratio, coverage, number of tubes and free wall region, are a proper selection to achieve
hydrodynamic similarity for both columns. The results also reveal that the sub-channel size should be kept
constant, too. However, this leads to higher tube coverage for large-scale reactors. This leads to an
optimization problem confined by the keeping same sub-channel size and tube coverage, while
maintaining the heat transfer performance, e.g. the heat transfer area. Thus, the tube diameter needs to be
scaled accordingly in order to close the optimization problem as well as to achieve hydrodynamic
similarity. Furthermore, the free area distribution in the reactor’s cross-section can be used as a scaling
quantity. By keeping it constant for different diameters, the occurring profiles and hydrodynamic
properties should follow the free area distribution.
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Symbols used

Symbols

Interfacial area

SIS
ENE)

Column diameter

D, [m2s'] Gas dispersion coefficient

D [m2s!] Liquid dispersion coefficient

ds; [m] Sauter mean diameter

de [m] Equivalent diameter of a sphere

H [m] Column height

kia [s71] Volumetric mass transfer coefficient
R [m] Column radius

r [-] Radial position within the cross-section
Ug [m s!] Superficial and local gas velocity

Uy, [m s!] Center line liquid velocity

Urec [m s!] Recirculation liquid velocity

Greek symbols

&g [-] Radial holdup distribution
Abbreviations

WMS Wire-mesh sensor
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Tables with headings

Table 1: Influence of the column diameter on hydrodynamic parameters.

Parameter

Influence of column diameter

Author

&g
a
kla

0 O7u0.474—0.00062 6D
' g

~D0'3
~DO'17
~D1'5
~D1.4-
~DO'33
~D0.4—
~D0'3

Table 2: Geometric specifications of the internals for narrow and pilot-scale columns.

Pattern

Square 8 Square 32 | Triangular 8 Triangular 32
Tube diameter (X103 m) 8 32 8 32
Tube-to-pitch diameter ratio (-) 1.38 1.34 1.44 1.43
Coverage (%) 24 24 24 24
Number of tubes (-) 37 37 37 37
Hydraulic sub-channel dia. (X10-m) 7.62 28.76 5.57 22.19
Sub-channel area (X10-°m?) 70.73 1036.16 32.13 510.15

Figure legends

Figure 1: Schematic drawing of the experimental setup with CAD drawings of the bubble columns and the internals

installation.

Figure 2: DN100 column setup mounted within the ultrafast X-ray scanner facility.

Figure 3: Wire-mesh sensor with inlays for the tube alignment and spacers for the tube fixation.

Figure 4: Radial gas holdup profiles for a) triangular and b) square configurations with corresponding cross-sectional

holdup distributions (the vertical dashed line represents the end of the tube bundle).

Figure 5: Bubble size distributions for a) square and b) triangular configurations.
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Figure 6: Pseudo-3D plots (vertical axis represents 1 s measurement time, columns are not to scale) of the gas phase
morphology (note that bubbles larger than 1X10-3 m dimeter are highlighted in a darker gray for the DN100 columns
and arrows indicate the helical flow.

Short text for table of contents section (TOC)

Heat exchanger internals are utilized to remove reaction heat from highly exothermic processes in bubble
columns. The internals’ coverage significantly alters the hydrodynamics. This work compares gas holdup,
bubble size distribution and flow morphology in columns at different scales and proposes a first scale-up
approach with regard to hydrodynamic similarities.
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